The dystrophin -glycoprotein complex connects myofibers with extracellular matrix laminin. In Duchenne muscular dystrophy, this linkage system is absent and the integrity of muscle fibers is compromised. One potential therapy for addressing muscular dystrophy is to augment the amount of a7b1 integrin, the major laminin-binding integrin in skeletal muscle. Whereas transgenic over-expression of a7 chain may alleviate development of muscular dystrophy and extend the lifespan of severely dystrophic mdx/utrn 2/2 mice, further enhancing levels of a7 chain provided little additional membrane integrin and negligible additional improvement in mdx mice. We demonstrate here that normal levels of b1 chain limit formation of integrin heterodimer and that increasing b1D chain in mdx mice results in more functional integrin at the sarcolemma, more matrix laminin and decreased damage of muscle fibers. Moreover, increasing the amount of b1D chain in vitro enhances transcription of a7 integrin and a2 laminin genes and the amounts of these proteins. Thus manipulation of b1D integrin expression offers a novel approach to enhance integrin-mediated therapy for muscular dystrophy.
INTRODUCTION
Duchenne muscular dystrophy (DMD) is one of the most prevalent hereditary diseases of humans. It is caused by mutations in the dystrophin gene, the largest human gene (1) . The dystrophin-glycoprotein complex is a transmembrane linkage system that connects the cell cytoskeleton to laminin in the basal membrane surrounding muscle fibers (2, 3) . In the absence of dystrophin and the dystrophin -glycoprotein complex, the integrity of the sarcolemma is compromised and muscle weakness and pathogenesis develop (for review, see 4) .
Integrins are another family of molecules that connect the extracellular matrix and actin cytoskeleton (5, 6) . The a7b1 integrin is the major laminin-binding integrin in skeletal muscle (6, 7) . During skeletal muscle development, this integrin functions in myoblast adhesion, migration, proliferation and differentiation (7 -11) . Upon maturation of myofibers, the a7b1 integrin is localized along the sarcolemma and it is concentrated at costameres, myotendinous junctions (MTJs) and neuromuscular junctions (NMJs) (7, 12) . The integrin plays a pivotal role in maintaining stable connections at these specialized sites of contact between myofibers and the extracellular matrix that are needed to receive and transmit signals and withstand contractile forces. The a7b1 integrin also functions in signal transduction as a mechanoreceptor, and it protects muscle against exercise-induced damage (11, 13) . Thus, the a7b1 integrin is essential for maintaining muscle integrity and stabilizing connections between the sarcolemma and extracellular matrix.
The pivotal roles of a7b1 integrin in skeletal muscle are also manifest clinically. Mutations in the a7 integrin gene result in human congenital myopathies (14) and experimental disruption of the a7 gene in mice leads to progressive muscular dystrophy (14) (15) (16) . Decreased amounts of the a7b1 † Present address: Department of Cell and Tissue Biology, University of California at San Francisco, School of Dentistry, San Francisco, CA, USA. * To whom correspondence should be addressed at: Department of Cell and Developmental Biology, University of Illinois, B107 Chemical and Life Sciences Laboratory, 601 South Goodwin Avenue, Urbana, IL 61801, USA. Tel: +1 2172446118; Fax: +1 2172441648; Email: stephenk@illinois.edu integrin are often secondarily associated with muscular dystrophies/myopathies of unknown etiology (17, 18) . In both Duchenne patients and in mdx mice, elevated levels of the a7b1 integrin have been detected and are thought to compensate for the absence of the dystrophin -glycoprotein complex (7, 19, 20) . Indeed, transgenic enhancement of a7 chain levels can alleviate severe muscular dystrophy in mdx/utrn 2/2 mice (21, 22) . These mice lack both dystrophin and its homolog, utrophin, and they exhibit a severe dystrophic phenotype akin to that seen in Duchenne patients (23, 24) . As predicted, mdx/a7 2/2 mice, lacking both the dystrophin-glycoprotein complex and a7 integrin, exhibit an even more severe muscle wasting (25) (26) (27) . These results suggest that the a7b1 integrin and the dystrophin -glycoprotein complex have complementary roles in maintaining the functional integrity of skeletal muscle.
The diverse functions of the a7b1 integrin are achieved by generation of multiple alternative spliced variants of both a7 and b1 mRNAs (for review, see 7) . The a7 integrin has both alternative cytoplasmic tails (a7A and a7B) and extracellular domain isoforms (a7×1 and a7×2) (7, 8, (28) (29) (30) . These cytoplasmic tails differ in their length, signaling potential and binding partners. a7B is expressed in both myoblasts and myofibers, and it has also been detected in the heart, vascular smooth muscle, neurons and Schwann cells. a7A is concentrated at the NMJ and MTJ of muscle fibers where it maintains membrane integrity (7, 12, 31) . Similarly, the extracellular domain isoforms of a7 also differ in distribution and in their specificity and affinity for different isoforms of laminin (7, 9) . Like the a7 chain, the b1 subunit also has several cytoplasmic domain isoforms that result from alternative RNA splicing (32) (33) (34) . During early muscle development, b1A integrin is the major isoform in myoblasts, whereas in adult muscle fibers b1D is the predominant form and mediates a stronger interaction with laminin (35, 36) . Experimental knockout of b1 integrin results in embryonic lethality and further demonstrates the essential role of b1 integrin in cell -extracellular matrix interactions during embryonic development (37, 38) .
The b1 subunit is the only integrin b chain known to form functional heterodimers with a7 chains (6, 7, 39) . Normally, integrin heterodimers are formed in the endoplasmic reticulum (ER) and are targeted to the cell membrane after undergoing post-translational modifications in the Golgi (40) (41) (42) (43) . When one subunit is in excess, the extra subunits, associated with chaperon proteins, remain in the ER in a pre-mature form and await dimerization with other subunits (40, 42) . Therefore, maintaining the stoichiometry of the a and b subunits is key to the formation of appropriate amounts of integrin receptors on the cell surface.
We previously demonstrated that enhancing the amount of a7b1 integrin in mdx/utrn 2/2 mice expands their life span 3-fold and partially prevents the progression of the dystrophy (21, 22 ). However, the highest level of increased a7 expression achieved in mdx/utrn 2/2 animals was only 2-fold and this suggested that the full beneficial effect of increasing the integrin-mediated trans-sarcolemma linkage was restricted. Moreover, little reduction of disease was seen when a7 chain was increased up to 6-fold in d-sarcoglycan null mice that also have disrupted DGC complexes and display a milder dystrophy (44) . In wild-type mice, expression of a7 integrin was enhanced up to 8-fold without any apparent overt negative effects, however staining of skeletal muscle fibers revealed sarcoplasmic retention of the excess a7 protein (45) . This sarcoplasmic retention of excess a7 protein was also seen in a7 transgenic d-sarcoglycan null mice (44) . These results suggest that the amount of a7b1 integrin and its localization are limited in normal and dystrophic skeletal muscle. The most obvious potential limiting factor is the amount of b1 subunit.
In this study, we show that in a7 transgenic wild-type mice, the excess a7 chain is retained inside the muscle fibers due to the limiting amount of b1 protein. Increasing the availability of b1D chain by virus-mediated infection targeted the excess a7 chain to the muscle sarcolemma and more laminin was detected around the infected muscle fibers. Moreover, increasing the amount of b1D chain in mdx mice protected muscle fibers from developing membrane damage and simultaneous enhancement of a7 and b1D chain levels afforded even better protection. These results demonstrate the importance of targeting muscle membrane protein complexes to the sarcolemma in developing therapies to alleviate muscular dystrophy and suggest that increasing the levels of both the a7 and the b1 integrin chains is important to achieving the maximal beneficial effects of integrin-mediated alleviation of muscular dystrophy. In addition, cell culture studies indicate that increasing the amount of b1D chain in vitro enhances transcription of the a7 integrin and a2 laminin genes and the amounts of these proteins. Thus manipulation of b1D gene expression offers a novel approach to integrin-mediated therapy.
RESULTS
High levels of a7 integrin chain alone do not prevent muscular dystrophy in mdx mice Previously we showed that 2-fold increases in a7 integrin levels can greatly alleviate development of the dystrophic phenotype in mdx/utrn 2/2 mice (21,22). Here we examined whether similar beneficial effects of increasing a7 chain could be observed in mdx mice. Wild-type a7 transgenic mice (a7wt) mice (11,45) expressing 8-fold more integrin were bred with mdx mice to obtain a7-mdx mice. Western blots revealed 4-fold more a7 integrin in a7-mdx mice compared with mdx mice (Fig. 1A) . In contrast, attempts to further increase transgenic expression of the integrin .2-fold in mdx/utrn 2/2 mice were not successful (Supplementary Material, Fig. S1B ), thus further enhancement of a7 integrin levels in these severely dystrophic mice appears to be limited. Therefore to develop an effective integrin-based therapy for Duchene muscular dystrophy, it would be beneficial to identify what may limit increasing the level of a7b1 integrin in the membrane of dystrophic muscle.
Mdx mice exhibit significant muscle degeneration at 6 weeks of age (46) , and enhancing their expression of a7 chain did not alter that (Fig. 1B-D) . No significant differences in muscle histology were detected in mdx and a7-mdx mice and both had abundant regions of inflammatory cell infiltration (Fig. 1B) . Likewise, the uptake of Evan's blue dye (EBD) to assess sarcolemmal damage indicated similar numbers of Human Molecular Genetics, 2012, Vol. 21, No. 7 1593
EBD-positive fibers in the mdx and a7-mdx muscle (Fig. 1C) . Centrally located nuclei result from the degeneration and subsequent regeneration of dystrophic muscle, and their quantity is often used as an index of this process (47) (48) (49) (50) (51) (52) . Comparison of central nucleation in mdx and a7-mdx mice also revealed no significant differences (Fig. 1D) . Thus increasing a7 chain up to 4-fold did not prevent the development of pathology or muscle fiber degeneration and regeneration in mdx mice.
Excess a7 chain is retained in the ER of myofibers due to limited amounts of b1D
When a7 chain is over-expressed, increased levels of the integrin were detected at the sarcolemma ( Fig. 2A) and at MTJs and NMJs (Supplementary Material, Fig. S1A ). However, unlike non-transgenic controls, a7wt and a7-mdx transgenic skeletal muscle also exhibited punctate localization of a7 inside the myofibers (Fig. 2B ). Higher magnification confocal images revealed a staining pattern of the a7 chain ( Fig. 2Bc and Bd) similar to the ER which can be identified by calnexin (Fig. 2Cb) , a marker for the ER (53) . Confocal z-stack series images demonstrating a7 staining pattern in transgenic wild-type mice are available in Supplementary Material, Movie S1. In addition, double staining of a7 integrin and calnexin in a7 transgenic mice also reveals their co-localization inside the muscle fibers ( Fig. 2Cc -f , and Supplementary Material, Fig. S1C ). These results suggest that a7 protein is retained in the ER of the transgenic muscle fibers. Normally, integrin heterodimers form in the ER and are transported through Golgi to the cell membrane (40, 42) . Although b1 integrin chain is usually synthesized in excess and stored in the ER (40, 42) , the internal staining of a7 implies a relative shortage of b1 subunits in the a7 transgenic myofibers. Thus, in the absence of sufficient b1 subunits, excess a7 chains accumulate in the muscle ER. In addition, whereas the amount of both a7 integrin mRNA and protein are increased in Duchenne patients and in mdx mice (20) , there is no parallel increase of the b1D chain (54, 55) . Nevertheless, in these cases, the normal reservoir of b1 chain appears to be sufficient to increase levels of the a7b1 integrin in the sarcolemma, albeit by only 2.0-fold, as reported in a7 transgenic mdx/utrn 2/2 mice (21). In a7 transgenic wild-type mice that express 8-fold more a7 chain than their controls, both immunofluorescence and western blots demonstrate a slight decrease in b1 chain (Supplementary Material, Fig. S2 ). Interestingly, western blots in reducing conditions demonstrated a lack of the premature form of b1D integrin (Fig. 2D) . The limiting amounts of b1D chain appear to restrict the formation and localization of functional a7b1 integrin and resultantly limit the beneficial effects of enhanced a7 expression in dystrophic muscle. Transgenic expression of a7 integrin in mdx mice does not prevent muscular dystrophy. (A) Western blots of protein extracts from gastrocnemiussoleus muscles of a7 transgenic wild-type (a7wt), a7 transgenic mdx (a7-mdx) and their control counterparts (n ¼ 5 per genotype). As indicated by arrows, using a rabbit polyclonal antibody, both full length and a 70 kDa band (resulting from the proteolytic cleaved of the rat a7 integrin) were detected in a7wt and a7-mdx mice (73) . b-Actin was used as loading control. An 8-fold increase of a7 was detected in a7wt compared with wildtype mice and a 4-fold increase was detected in a7-mdx compared with congenic mdx mice.
* P , 0.001. (B) H&E staining of muscle fibers from mdx and a7-mdx mice reveals similar inflammation (arrowheads) in their gastrocnemius muscles. (C) Transgenic expression of a7 integrin does not protect sarcolemmal integrity of mdx mice. Immunofluorescence images of mdx and a7-mdx gastrocnemius muscles injected with EBD. Muscle fibers were delineated by FITC-WGA. Quantification of EBD-positive fibers reveals no significant differences between mdx and a7-mdx mice. The average numbers of EBD-positive fibers per 50 random fields, using the ×40 objective, are indicated. At least three sections for each animal were quantified. Five animals per group. (D) H&E staining of mdx and a7-mdx muscle shows the presence of similar levels of centrally located nuclei (arrows). Quantification demonstrates no significant differences in the percent of muscle fibers with centrally located nuclei in mdx and a7-mdx mice. At least three sections for each animal were quantified. Five animals per group.
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Therefore, increasing b1 chain levels may promote localization of more functional integrin at the sarcolemma and thereby better alleviate development of the dystrophic phenotype.
Increasing b1D chain in C2C12 cells selectively promotes expression of the ITGA7 and LAMA2
We therefore examined the effects of increasing b1D chain on the expression of a7 chain and laminin in normal C2C12 myoblasts. Because b1D integrin inhibits myogenic differentiation (56), we expressed it in C2C12 cells under the control of a modified muscle creatine kinase promoter (MHCK) that is utilized after differentiation. C2C12 cells were differentiated for 3 days after transfection. In addition to the increased level of b1D chain, quantification of western blots also demonstrates a corresponding increase in the amount of a7B chain (Fig. 3A) . This increase of a7 chain is likely due to enhanced transcription as quantitative reverse transcription-polymerase chain reaction (RT-PCR) indicates an 4-fold increase in a7 integrin mRNA (Fig. 3B ). In addition, we observed an increase of laminin a2 but not laminin b1 mRNA. Both laminin a2 and laminin b1 are components of laminin 2, the major integrin ligand in the basal membrane of muscle fibers. Immunofluorescence staining confirmed that the increase of surface a7 integrin occurred only in cells over-expressing b1D (Fig. 3C) . The effects of increasing b1D in C2C12 cells engineered to express rat a7BX2 integrin chain under the control of a MHCK promoter (BX2 -C2C12 cells) (57,58) was also examined. Adenovirus containing human b1D cDNA (Ad-b1D), driven by a cytomegalovirus (CMV) promoter (59), was used to enhance expression of b1D chain in these cells. As before, an increase of rat a7 integrin was detected at the cell surface using an anti-rat a7 integrin specific antibody (Supplementary Material, Fig. S3B ). These results suggest that expression of cell surface integrin is highly regulated in muscle cells and increasing the amount of b1D chain may promote a corresponding increase in the amounts of a7 and laminin subunits in skeletal muscle. In contrast, in adult ventricular cardiomyocytes, increasing expression of b1D chain does not promote an increase in a7 levels, thus the coordinate regulation of these two integrin subunit may be cell type specific (personal communication, R.S.R.).
Increasing b1D chain results in more a7b1 integrin at the sarcolemma and laminin in the basal lamina, and in a7 transgenic mice it also decreases internal a7 chain To test whether increasing the amount of b1 chain also promotes a7 chain and laminin localization at the sarcolemma in vivo, Ad-b1D adenovirus was also used to enhance expres- sion of b1D chain in non-transgenic wild-type mice. Viruses have been widely used to deliver cDNAs into dystrophic skeletal muscle (60) (61) (62) . The viruses were tittered and shown to promote expression of b1D in both NIH3T3 fibroblasts and C2C12 myoblasts (Supplementary Material, Fig. S3A ). Immunofluorescence staining of serial sections of wild-type gastrocnemius muscles injected with Ad-b1D virus showed higher levels of b1D chain at the injection sites (Supplementary Material, Fig. S4 ). Due to the high level of b1D chain in some infected fibers, internal staining of b1D was also observed (Fig. 4Aa) . In contrast, in non-infected regions and in Ad-b-gal virus-injected muscle, the levels of b1D were not altered (Fig. 4Ad and g ) confirming that higher b1D expression did not result from non-specific responses to virus. Consistent with our results in C2C12 cells, we observed a corresponding increase in the amount of a7 at the sarcolemma of fibers that had high levels of b1D chain (Fig. 4Ab) , and this was not seen in non-infected regions ( Fig. 4Ae and h ) nor in muscle injected with Ad-b-gal virus (Fig. 4Ag and i) . Similarly, in mdx mice injected with b1D viruses, increased amounts of a7 integrin were also detected at the sarcolemma in virus-infected areas compared with non-infected areas (Supplementary Material, Fig. S5A ). Since more LAMA2 mRNA was detected in the C2C12 cells over-expressing b1D, we examined whether this increase of the integrin's ligand is also observed in vivo. Double staining of integrin b1D and laminin2/4 demonstrates increased laminin in the basal lamina around fibers infected with b1D virus (Fig. 4B ). This increase of laminin2/4 was also detected in mdx mice injected with b1D virus (Supplementary Material, Fig. S5B ). Thus, increasing b1D expression promotes more a7b1 integrin and laminin at the sarcolemma and enhances connections between muscle and its basal lamina.
As described earlier, in skeletal muscle of transgenic mice expressing high levels of a7, integrin staining was detected inside myofibers (Fig. 2B) . To confirm that b1D is the limiting factor underlying internal retention of a7 chain, Ad-b1D virus was injected into the gastrocnemius muscles of a7wt and a7-mdx mice. In both a7 transgenic wild-type and mdx mice, more b1D chain was detected in fibers injected with b1D virus (Fig. 5Aa and 5Bg) , internal localization of a7 was diminished or totally absent and sarcolemmal staining of a7 was much brighter (Fig. 5Ab and 5Bh) . In contrast, in regions of muscle in the same sections not infected with b1D virus, no increase of b1D was detected and internal staining of a7 remained abundant ( Fig. 5Ac and 5Bd) . In muscle injected with Ad-b-gal virus, internal staining of a7 chain was also still apparent ( Fig. 5Af and 5Bj) . We then examined whether increasing b1D in a7 transgenic wild-type and mdx mice promotes laminin-integrin connections at the sarcolemma. Staining of laminin2/4 and b1D integrin confirmed that there is also an increase of laminin around the b1D virus-infected muscle fibers of a7 integrin transgenic mice (Fig. 6) . Therefore, we conclude that high levels of sarcolemma a7 integrin can be achieved by increasing the amount of b1D chain in both a7wt and a7-mdx mice and together the resulting a7b1D complex enhances integrin-basal lamina connections.
Increasing the amount of b1D chain protects against sarcolemma damage in mdx and a7 transgenic mdx mice One of the hallmarks of dystrophic muscle is the compromised muscle fiber membrane that results from the diminished association of fibers with the extracellular matrix. Sarcolemmal damage is an indicator of degenerating muscle fibers and the uptake of EBD is commonly used to assess this damage (63) . To determine whether the increased potential for integrin -laminin connections observed in the b1D virus-infected mice can protect against the development of muscle membrane damage, we quantified the EBD uptake in mdx and a7-mdx mice injected with b1D virus. Significantly fewer EBD-positive fibers were detected in the b1D virus-infected areas of the mdx mice than in non-infected areas (Fig. 7A) . Similarly, virus-mediated enhancement of b1D levels also increased the amount of a7b1 in the sarcolemma and laminin in the basal membrane and reduced internal localization of a7 chain in a7-mdx mice. Increasing b1D levels also protected muscle fibers in a7-mdx mice from developing membrane damage (Fig. 7B) . Quantification of EBDpositive fibers in Ad-b1D and Ad-b-gal virus-infected and non-infected muscle regions demonstrates a significant reduction of EBD-positive fibers in b1D virus-infected regions in both mdx and a7-mdx mice (Fig. 7) . The protection afforded by simultaneously increasing b1D and a7 chains appears to 
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be greater than that attained by solely increasing b1D chain as there were fewer b1D virus-infected fibers that were also EBD positive in a7-mdx mice compared with mdx mice. These results suggest that increasing b1D integrin levels in skeletal muscle promotes the formation of a7b1D complexes at the sarcolemma and this increase in membrane integrin promotes linkage of the muscle fiber with the extracellular matrix and protects against the development of membrane damage. These results also indicate that simultaneous enhancement of a7 and b1D chains may more effectively alleviate muscular dystrophy than increasing a7 chain alone. Finally, our results demonstrate the importance of balancing the levels of each component of the integrin focal adhesion complex if one is to develop an effective integrin-mediated therapy for muscular dystrophy.
DISCUSSION
DMD is the most common X-linked hereditary human disease (1). It is characterized by progressive muscle degeneration, extensive inflammatory cell infiltration and large areas of fibrosis within skeletal muscle. Although more than two decades after mutations in the dystrophin gene were first identified as the primary defect causing DMD (64, 65) , there is still no cure or effective treatment for this disease. The mdx mouse has been the primary model used to study DMD pathogenesis and to explore potential therapies (46, 66) . In DMD patients, mutations in dystrophin result in a compromised association of the extracellular matrix with the muscle cytoskeleton and, subsequently, a severely weakened sarcolemma (3). Patients frequently develop cardiomyopathy, and usually die in their early 20s primarily from respiratory failure (67) . In contrast, mdx mice also lack dystrophin, but they do not develop severe cardiomyopathy and have a relatively normal life span (68) (69) (70) . More recently, mdx/utrn 2/2 mice, with a severe pathology more akin to DMD patients, have been developed and used to further test the effectiveness of various treatments for DMD (23, 24) . Several therapeutic strategies have been shown to be effective in alleviating muscular dystrophy in these mouse models (1) . These include stem cell base therapy, direct or compensatory gene therapy, anti-inflammation treatments, protease inhibitors, small molecule-based therapies (myostatin inhibitors, HDAC inhibitors, etc) and treatment with IGF. All have achieved certain levels of success in alleviating dystrophy (for review, see 1). Since both the dystrophin -glycoprotein complex and the a7b1 integrin are major laminin receptors in skeletal muscle, increasing a7b1 levels in dystrophic muscle represents another promising therapeutic method for treating Duchenne and other muscular dystrophies. We previously demonstrated that increasing the amount of a7 integrin chain in mdx/utrn 2/2 mice can partially alleviate muscular dystrophy and increase life span 3-fold by maintaining MTJ and NMJ structure, by preventing muscle fiber apoptosis, and by increasing the satellite cell pool and thereby promoting regeneration (21, 22) . However, solely increasing a7 protein in mdx mice did not yield apparent beneficial effects. Additionally, none of the lines of a7-mdx/utrn 2/2 mice generated had more than a 2-fold increase in a7 chain and this suggested that the expression and hence the benefit of enhancing a7 chain levels may be limited. A more detailed examination of those a7 transgenic wild-type and mdx mice revealed that some of the Figure 5 . Injection of b1D virus into a7 transgenic mice increased a7 integrin localization at the sarcolemma and reduced internal a7 chain. Immunofluorescence staining of serial sections of the gastrocnemius muscles from adenovirus injected (A) a7wt and (B) a7-mdx mice. Increased b1D was detected in b1D virus-infected fibers (a and g) compared with non-infected fibers (c and i) or b-galactosidase infected muscle fibers (e). Internal localization of a7, commonly seen in these transgenic mice was diminished in the b1D virus-infected fibers (b and h) but not in non-infected fibers (d and j) or b-galactosidase infected fibers (f). Asterisk denotes same fiber in pairs of serial sections in (a and b), (c and d), (e and f), (g and h) and (i and j). Six animals for each genotype. Bar ¼ 50 mm. Figure 6 . Injection of Ad-b1D virus increases laminin levels in a7 transgenic mice. Immunofluorescence staining of b1D integrin and laminin in a7wt and a7-mdx mice injected with b1D adenovirus. The increased levels of laminin coincide with the increased levels of b1D in the Ad-b1D virus-infected muscle fibers. Six animals for each genotype. Bar ¼ 25 mm.
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Human Molecular Genetics, 2012, Vol. 21, No. 7 a7 chain was within muscle fibers and not at the sarcolemma where it is normally localized. This suggested that some factor may limit targeting of excess a7 integrin to the membrane and thereby limit its therapeutic effects. Microarray analysis has helped in identifying several such potential limiting factors (45) . For example, the expression of genes encoding other components of focal adhesions was not increased when a7 levels were enhanced in the transgenic mice (45) . Similarly, immunofluorescence staining demonstrated no corresponding increase of b1 integrin chain in the a7 transgenic wild-type and mdx mice. Moreover, western blots confirmed that in a7 integrin transgenic mice the total amount of b1 protein was slightly decreased and the pre-matured form of b1 chain was specifically depleted. These observations suggested that insufficient b1 chain may limit targeting of the a7b1 integrin to the muscle membrane. In support of this, over-expressing b1D integrin chain in C2C12 cells led to more a7 integrin and LAMA2 transcripts and their corresponding proteins at the myotube surface. Thus the amount of b1D integrin is important for membrane localization of the heterodimers and it may also regulate alpha chain and laminin gene expression.
To test this hypothesis in vivo adenovirus containing b1D cDNA was injected into a7 transgenic wild-type, a7 transgenic mdx mice, and their non-transgenic controls. In wild-type mice, injection of b1D virus resulted in muscle fibers with elevated levels of b1D. In some cases, internal staining of excess b1D was detected confirming that adenovirus-mediated expression can sustain high levels of b1D synthesis for at least 4 weeks after injection. Immunostaining of serial sections demonstrated higher levels of a7 at the sarcolemma of fibers infected with b1D virus compared with non-infected fibers in wild-type mice. Thus, increasing the amount of b1D can result in the localization of more a7b1 integrin at the sarcolemma and promote integrin function. Normally, cells synthesize a and b chains in specific ratios and excess non-dimerized chain is retained in the ER (40, 42) . When b1D expression was increased by virus, more b1D subunits were available to dimerize with a7 chain and the a7b1D complex was targeted to the sarcolemma. The increased detection of laminin in basal lamina and integrin at the sarcolemma of wild-type muscle injected with b1D virus is encouraging and suggests that increasing b1D levels in muscular dystrophy may also effectively alleviate the development of pathology. Our results indicate that the expression of both integrin and its substrate laminin are coordinately regulated and this conclusion is supported by the recent report that laminin111 administration into mice increased a7b1 at the sarcolemma and inhibited development of muscular dystrophy (71) .
Over-expression of b1D in a7wt and a7-mdx transgenic mice also reduced internal localization of a7 chain, confirming that in the a7 transgenic mice, insufficient b1D chain was at least one of the factors limiting the targeting of a7 to the cell membrane. Increasing b1D in these fibers resulted in more a7b1D integrin at the membrane and more of its ligand, laminin, in the basal lamina around these muscle fibers. This enhancement of trans-sarcolemmal linkages results in better integrin-mediated compensation for defects in the dystrophin -glycoprotein complex. In the absence of dystrophin, membrane integrity in mdx muscle fibers is compromised. As a result, muscle fibers become damaged and Figure 7 . Increasing b1D chain increases a7b1 at the sarcolemma and protects membrane integrity in mdx and a7-mdx mice. (A) Sarcolemma integrity in virus-injected mdx mice (n ¼ 5). Representative confocal images of muscle sections from adenovirus-injected mdx mice stained for b1D (green) and EBD (red). Bar ¼ 100 mm. Quantification of EBD-positive fibers demonstrates protection of mdx muscle fibers from membrane damage in b1D virus-infected regions. This protection was not observed in non-infected regions or in b-galactosidase virus-infected regions. At least five sections from each animal were quantified; the data presented are from three animals.
* P , 0.05. (B) Sarcolemma integrity in virus-injected a7-mdx mice (n ¼ 5). Representative confocal images of b1D-infected (b1D +) , b1D non-infected (b1D -), b-galactosidase-infected (b-galactosidase + ) and b-galactosidase non-infected (b-galactosidase -) regions stained with anti-a7 antibody (green) and EBD (red). Bar ¼ 250 mm. Quantification of the EBD-positive fibers demonstrates protection of a7-mdx muscle fiber from membrane damage by increasing b1D levels in these fibers. No muscle fibers expressing high levels of b1D showed the EBD uptake; the small percent of EBD-positive fibers are from non-infected fibers in the b1D virus-infected regions. At least five sections from each animal were quantified and data presented are from five animals. * P , 0.05. permeable to interstitial fluid that contains albumin. This can be visualized microscopically by EBD-albumin complexes in those fibers. As shown in this study, increasing b1D in mdx and in a7 transgenic mdx mice effectively prevents sarcolemmal damage. Moreover, it appears that increasing the amount of both the a7 and b1 integrin subunits together can alleviate muscular dystrophy in mdx mice that cannot be achieved by solely increasing the amount of a7 chain. Similarly, other components of focal adhesions may need to be optimized to achieve the maximum beneficial effects of increasing integrin in skeletal muscle as an effective therapy for muscular dystrophy. In this regard, it is encouraging to note that increasing b1D levels enhances expression of both a7 and laminin genes and protein. Functional and physiological studies in transgenic animal are needed to definitively demonstrate the therapeutic potential of increasing integrin b1D or integrin a7 and b1D together.
In summary, increasing the amount of functional a7b1D complex has the potential to alleviate muscular dystrophy. Virus-mediated b1D expression in mdx and a7 transgenic mdx mice demonstrates that simultaneously increasing a7 and b1D in mdx mice may better alleviate dystrophy compared with solely increasing the amount of a7 chain. Together, these results support enhancement of a7b1 integrin as a therapy for muscular dystrophy.
MATERIALS AND METHODS

Animals
Mice used in this study include a7 integrin transgenic wildtype (a7wt) and a7 integrin transgenic mdx (a7-mdx) and mdx/utrn 2/2 (a7-mdx/utrn 2/2 ) mice. Corresponding nontransgenic mice (wt, mdx and mdx/utrn 2/2 ) were also used. Animals were housed and handled according to guidelines of the University of Illinois at Urbana-Champaign Institutional Animal Care and Use Committee and the National Institutes of Health. Genotyping was performed as previously described (11, 21, 22, 45) .
Cell culture
AD293 cells and NIH 3T3 fibroblasts were maintained at 378C, in 5% CO 2 , in Dulbecco's modified Eagle's medium (DMEM) supplemented with 4500 mg/l D-glucose, 10% fetal bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin. Cells were infected with integrin b1D and b-galactosidase virus at 25 plaque-forming units (PFU)/cell. C2C12 mouse myoblasts were maintained as described previously (21) . Transfections were carried out using Lipofectamine 2000 (Invitrogen) as per the manufacturer's instructions. After transfection, C2C12 cells were switched to differentiation medium (DMEM, containing 2% horse serum) to induce myotube formation for 3 days.
Plasmids, primers and viral vectors
The adenovirus containing human integrin b1D cDNA used in these experiments was previously reported (59 
Histology
Ten micrometer cryostat sections of gastrocnemius muscle were fixed and stained with hematoxylin and eosin as described previously (45) . For EBD quantification, mdx and a7-mdx mice were injected intraperitoneally with 10 mg/ml EBD at 0.1 ml per 10 g of bodyweight. To delineate muscle fibers, tissue sections were stained with either FITC-WGA (Invitrogen) diluted 1:1000 in phosphate buffered saline (PBS) for 30 min or with anti-a7 integrin antibody.
Western blots
Muscle tissues were powdered in liquid nitrogen. Proteins were extracted with 200 mM octyl-b-D-glucopyranoside in 50 mM Tris-HCl, pH 7.4, 2 mM phenylmethylsulfonyl fluoride, 1:200 dilution of Protease Cocktail Set III (Calbiochem), 1 mM CaCl 2 and 1 mM MgCl 2 at 48C, for 30 min. Supernatants were collected after centrifugation at 16 000g for 5 min at 48C and protein concentrations were determined using Bradford assays (Bio-Rad). Equal amounts of proteins were separated on 8% polyacrylamide-sodium dodecyl sulfate gels electrophoresed at 40 mA for 1 h. The proteins were transferred to nitrocellulose membranes for 1 h at 100 V. To ensure equal loading, after transfer the membranes were stained with Ponceau S (Sigma). Blocked membranes were incubated with primary antibodies in 2% non-fat milk for 1 h. HRP-linked secondary antibodies were used to detect bound primary antibodies. Immunoreactive protein bands were detected using an enhanced chemiluminescence kit (Amersham). Band intensities were quantified with ImageQuant software (Amersham).
Intramuscular injection of adenovirus
AD293 virus packaging cells were used to prepare concentrated virus and virus titer was determined as plaque-forming units per milliliter. 1 × 10 10 PFU of b1D virus (in 10 ml saline) were injected into one of the gastrocnemius of 5 day old pups and same PFU of b-galactosidase virus were injected into the contralateral legs. Four weeks after injection, gastrocnemius muscles were dissected and immediately frozen in liquid nitrogen-cooled isopentane. For assessing muscle damage in virus-injected mice, sections were incubated with 0.001% of EBD for 5 min and then extensively rinsed with 1% bovine serum albumin (BSA)/PBS to visualize the EBDpositive muscle fibers as described previously (72) .
Immunofluorescence and microcopy
C2C12 cells were fixed with 4% para-formaldehyde for 15 min at room temperature. a7 integrin chain was detected by immunofluorescence using 20 mg/ml mouse monoclonal antibody (O26) raised against rat a7. b1D integrin chain was detected using a rabbit polyclonal antibody. Virus-infected culture cells were stained first for surface a7 using monoclonal antibody (O26) and then fixed in ice-cold acetone for 1 min, rehydrated in PBS for 30 min, blocked with 5% BSA in PBS for 1 h at 48C, and incubated sequentially with 1:500 primary anti-b1D antibody and secondary antibody for 1 h each. Coverslips were mounted using Vectorshield (Vector Laboratories). To detect a7 and b1D in muscle, sections were fixed in 2208C acetone for 1 min, rehydrated in PBS for 10 min and blocked in PBS containing 10% horse serum for 30 min. Rabbit polyclonal primary antibodies in PBS containing 1% horse serum were then applied for 1 h followed by extensive washing. Secondary antibodies were applied for 1 h. For negative controls, primary antibodies were omitted. Immunofluorescence images were acquired using a Leica DMRXA2 microscope equipped with an AxioCam digital camera (Carl Zeiss) and analyzed with Openlab software (Improvision). Confocal images were obtained using a Leica TCS SP2 RBB SP-2 laser scanning confocal microscope.
Statistics
All quantification data are represented as mean + SEM. Two group comparisons were performed using unpaired Student's t-test. Differences were consider significant if P , 0.05.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
